Transient transfection has been widely used in many biological applications including gene regulation and DNA repair, but, so far, little attention has been paid to cellular responses induced by the transfected DNA. Here, we report that double-stranded (ds) DNA introduced into mammalian cells induced expression of a variety of genes involved in DNA damage signaling and DNA repair. The expression profile of the induced genes was highly dependent on the cell type, suggesting interactions between exogenous dsDNA and cellular proteins. Moreover, each cell line elicited a markedly different level of intrinsic cellular responses to the introduced dsDNA. Furthermore, the presence of single-stranded oligonucleotides or short duplexes consisting of two complementary oligonucleotides did not affect cellular response, indicating that the induction was highly dependent on the structure and length of exogenous DNA. The extent of induction of DNA damage, signaling and DNA repair activities correlated to episomal and chromosomal gene correction frequencies. In addition, the presented data indicate that the presence of exogenous dsDNA triggered a DNA damage response by activation of ATR (ataxia telangiectasia-Rad3-related) but not ATM (ataxia telangiectasia mutated) pathway. Gene Therapy (2006) 13, 266-275.
Introduction
The site-directed gene repair is intended to make a sequence-specific change by targeting an oligodeoxynucleotide (ODN) to the homologous genomic DNA sequence where modification is required. In spite of large accumulation of data, the mechanism underlying gene modification by ODN remains to be elucidated. It has been shown that different cell types exhibited inherently different repair and biological activities, including DNA recombination and repair, and the status of replication and transcription of the targeted gene affected rates of gene modification by ODN. [1] [2] [3] [4] [5] It is expected that the assembly of multiprotein complexes may be required to coordinate gene repair event. At present, biochemical and genetic approaches to investigate this process encountered many difficulties due to the complexity of proteins participating in the repair process and the redundant activities of different homologs. 1 Targeting of episomal DNA has been widely used to investigate the feasibility and mechanism of gene targeting. Many groups including us reported that different cell types show remarkably different rates of gene modification, but the cause of these variations has not yet been elucidated. [1] [2] [3] [4] [5] Furthermore, the correction frequency of genomic DNA was shown to be much lower than episomal DNA and this discrepancy has been attributed, in part, to the high copy number of plasmid DNA present in a single cell during episomal targeting. 1 The difference could also be caused by the chromatin structure, which may limit the accessibility of ODN to the target chromosomal DNA, depending on transcription and replication. In addition, the recombination pathway underlying chromosomal gene repair might be different from that of the episomal DNA. 6 We considered another possibility that cellular responses to plasmid DNA and ODN could contribute to the difference since episomal targeting requires introduction of both a target plasmid and a correcting ODN, while chromosomal targeting is usually conducted by ODN alone.
Considering the wide use of transfected doublestranded (ds) DNA in mammalian cells, surprisingly little data are available regarding to cellular responses induced by the transfected dsDNA. Elucidation of the fate of transfected DNA and characterization of cellular responses elicited by different forms of DNA will be important to better understand the episomal genetargeting process as well as to properly interpret gene expression studies. When plasmid DNA is introduced into mammalian cells, DNA is not integrated into the genome and exists as extrachromosomal DNA for a period of time. The introduced dsDNA is rapidly degraded inside the mammalian cells, but some of it acquire a nucleosomal structure that is different from the chromatin structure. 7 These findings suggest that mammalian cells may trigger a unique response to the presence of dsDNA and induce different sets of genes in comparison to other mutagens.
In the present study, we attempted to explore the nature of interaction between cellular proteins and introduced exogenous DNA by comparing gene expression profiles of the repair-competent and aincompetent cells together with functional assays to measure the correction frequency. Moreover, we tested whether the plasmid DNA or the ODN can induce cellular activities that contributed to the elevated frequencies during episomal targeting and extended the study to chromosomal targeting. Surprisingly, introduction of exogenous dsDNA induced transcription of many genes involved in DNA damage signaling and DNA repair pathways. Moreover, this response correlated to ODN-mediated gene correction rates, presumably due to the global increase in gene repair activities.
Results

Episomal targeting in cells from different genetic origins
To compare episomal gene targeting frequencies in mammalian cell lines from different genetic origins, we chose three cell lines, Chinese hamster ovary epithelial cells (CHO-K1), mouse fibroblasts (NIH3T3) and human embryonic kidney cells (HEK293), with relatively similar proliferation rates and DNA uptake to minimize differences due to transfection efficiency. Using the wild-type LacZ reporter, efficiency of plasmid DNA transfection was estimated to be 80% (CHO-K1), 60-70% (NIH3T3) and 80% (HEK293), respectively, under our experimental conditions (data not shown). Fluorescein-labeled X1-ODN was transfected to measure the cellular uptake and localization of ODN in an individual cell using confocal fluorescence microscopy. In all cell lines tested, over 80% of cells showed nuclear fluorescence (data not shown).
For targeting experiments, cells were cotransfected with the mutant pCH110-G16151A plasmid DNA and X1-ODN, designed to correct a single-point mutation (G1651A) in mutant LacZ gene, as described in Materials and methods (Table 1 ). The assessment of gene correction was performed 48 h after transfection by histochemical staining with X-gal solution for the presence of active b-galactosidase. The frequency of gene correction was estimated by counting the number of blue cells divided by the number of initially plated cells. The frequency estimated by histochemical staining gives an overestimate of the actual gene modification. However, it could be used to compare the relative frequencis found among these cell lines. As presented in Table 2 , CHO-K1 cells showed the highest correction frequency (29%), while NIH3T3 cells showed much lower frequency (0.5%). In contrast, HEK293 cells showed no detectable gene correction, in spite of the fact that transfection efficiency of both plasmid and ODN were similar to CHO-K1. These data suggest that some other factors, rather than DNA uptake, are responsible for the differences observed in correction rates.
It should be noted that frequencies estimated by histochemical staining give an overestimate of the actual gene repair, since one corrected plasmid per cell can manifest the corrected phenotype. In our estimates, there is an average of 500-1000 copies of plasmid DNA per CHO-K1 cells. When episomal DNA was rescued from CHO-K1 cells and transformed into an electrocompetent P90C Escherichia coli strain, 8 only 10-20 corrected colonies were generated among 1 Â 10 5 total bacterial colonies. On the other hand, episomal DNA isolated from HEK293 cells did not generate any blue colonies (o10
À6
). Therefore, the relative variation in episomal frequencies found among different cell lines is consistent whether it is measured per cell or per plasmid basis, in spite of very different absolute frequency measured by two methods.
Differential cellular responses to transfected DNA in mammalian cells
In order to determine the factors influencing on differential gene repair, transcription profiles for a variety of genes involved in DNA damage signaling and DNA repair were investigated in cells with markedly different level of gene correction (Table 2) under conditions mimicking episomal and chromosomal targeting. For this purpose, transient transfection experiments were conducted in each cell line with a supercoiled plasmid DNA (pCH110-G16151A) alone, a 45-mer oligodeoxynucleotide (X1-ODN) alone, pCH110-G16151A plasmid and X1-ODN together, or a short duplex composed of two complementary ODN (X1-and X2-ODN), respectively, as described in Materials and methods. In the control experiments, cells were treated with transfection reagents without addition of DNA. At 6 h after transfection, total RNA from the transfected cells was isolated and the expression pattern of genes in response to the transfected DNA was analyzed using cDNA microarrays, as described in Materials and methods. Each array contains 92 cDNA fragments from the genes associated with specific biological pathways: (1) ATM (ataxia telangiectasia mutated) ATR (ataxia telangiectasia-Rad3-related) signaling network, (2) cell cycle arrest pathway (3) apoptosis pathway, and (4) genome stability/repair pathway. The hybridization intensity of each spot was measured by using an image analysis system to quantify accurately each specific cDNA for its hybridization signature. An increase or a decrease greater than three-fold was considered to be significant for data analysis.
Results of cDNA arrays are presented in Figure 1 and Table 3 . In the control CHO-K1 cells treated with only transfection reagent, a few genes (22%) were expressed at very low levels ( Figure 1a) . The exceptions were MSH6, Rad23b, UNG and Wee1, which showed relatively high hybridization signals. When CHO-K1 cells were transfected with plasmid DNA, however, a dramatic change in gene expression profiles was observed in comparison to the control cells. We identified 88 hybridization signals among 92 (95%) genes on the arrays. These changes persisted 12 h after transfection and were similar to those at 6 h (data not shown). Among those, 67 showed higher than three-fold change from the control cells (Table 3 ). The altered expression was found in all categories of genes, including ATM/ATR signaling network (10 out of 15 genes), cell cycle arrest pathway (15 out of 22), apoptosis pathway (eight out of 14) and genome stability/repair pathway (39 out of 45 genes). Interestingly, expression levels of specific genes participating in nucleotide excision repair (NER) were dramatically Cellular responses to exogenous DNA in mammalian cells O Igoucheva et al upregulated: ERCC1 ( Â 13.4), ERCC2 ( Â 11.2), ERCC3 ( Â 9.7), ERCC4 ( Â 10.9), ERCC5 ( Â 8.1), ERCC6 ( Â 11.7), XPA ( Â 12), XPC ( Â 11.4), PCNA ( Â 15.2) and RPA ( Â 9.6). Similarly, genes involved in mismatch repair (MMR) showed significant increases in hybridization signals: MSH2 ( Â 8.3) and MSH3 ( Â 5.9). In addition, an identical hybridization profile was observed when cells were cotransfected with plasmid DNA and ODN (data not shown). Surprisingly, this response was specific for the plasmid DNA but not for ODN (Figure 1a) .
To investigate whether cellular responses are dependent on the length of dsDNA, transfection of a short duplex composed of two complementary ODNs was conducted into CHO-K1 cells. Almost identical expression pattern was observed as that of ODN (data not shown). In another experiment, we addressed whether cellular responses were affected by the amount of exogenous DNA by comparing expression profiles of RNAs isolated from the cells transfected with different amounts of plasmid DNA, 0.2 and 2.0 mg. The level of induction was reduced approximately three-fold in all tested genes when the amount of dsDNA was decreased 10 times (data not shown). Taken together, these data indicate that cellular responses are dependent on the amount and length of dsDNA.
To verify that the transfection reagent did not alter the gene expression profile, two different transfection methods (Lipofectamine and FuGENE 6) were compared. Both methods did not yield any difference in the hybridization pattern. To rule out a possibility that a specific DNA sequence in pCH110-G16151A plasmid may have caused induction, we tested two unrelated plasmid DNAs, bacterial plasmid pUC18 and pCX-EGFP plasmid. Cellular responses were similar to those induced by pCH110-G16151A. To test whether active transcription of the introduced plasmid might be responsible for induced gene expression, CHO-K1 cells 
X1-and X2-ODNs contain 45 nt complementary sequence to the non-transcribed and transcribed strands of mutant LacZ gene, respectively. Both oligonucleotides were designed to restore an enzymatic activity of the mutant b-galactosidase by incorporation of a single mismatch to the targeted base (bolded and underlined). Puro-1 and Puro-2 ODNs have no sequence homology to the targeted LacZ gene and were used as control heterologous ODNs. All oligonucleotides contain 2 0 -O-methyl uridine residues (lower case) at the 5 0 -and 3 0 -ends for protection from nuclease degradation. , respectively. In each case, no significant changes were found from the data obtained with pCH110-G16151A plasmid, confirming that intrinsic cellular responses to the introduced dsDNA are general phenomena and do not depend on transfection reagents, sequence or transcriptional status of plasmid DNA.
When the arrays were probed with RNAs isolated from NIH3T3 cells (Figure 1b) , some changes in expression profiles were found after the treatment with plasmid DNA, but intensities of hybridization signals were reduced relative to those observed in CHO-K1 cells. No change in the hybridization signals was detected in the ODN treated cells compared to the control, similar to CHO-K1 cells ( Figure 1a ). However, many more genes were expressed in the control NIH3T3 cells, unlike CHO-K1.
Strikingly, a tumorigenic cell line HEK293 with many chromosomal aberrations did not show appreciable changes in all genes tested, except PA26, upon transfection with dsDNA ( Figure 1c ). To support this observation, other tumorigenic cell lines with different transformation signatures, including the primary radial growth phase melanoma cell line (WM35), vertical growth phase metastatic melanoma cell lines (WM164 and WM793) and highly aggressive metastatic melanoma cell line (Lu1205), were tested. In spite of the very efficient delivery of dsDNA into melanoma cells (480%) by nucleofection, monitored by the expression of green fluorescent protein, all tested tumorigenic cell lines failed to produce any cellular response (Supplementary Figure 1) .
Thus, these data indicate that each cell line elicits a markedly different cellular response to the introduced dsDNA. In addition, induced cellular responses are highly dependent on the structure, length and amount of the transfected DNA, since plasmid DNA, but not ODN or a short duplex consisting of two self-complementary ODNs, induced many of the genes involved in DNA repair/genome instability. Moreover, a large induction in several specific DNA repair genes, both MMR and NER, suggests that these repair pathways may participate in ODN-directed gene repair.
Analysis of differential gene expression using Reverse-transcription coupled with a polymerase chain reaction (RT-PCR) and Western blots
To evaluate independently transcription levels of some of the key proteins postulated to participate in ODNdirected gene alteration, RT-PCR analysis was used to verify the expression of nine genes with altered transcription level as determined by the cDNA microarray. Among the genes tested are the components of NER (XPA, XPC, ERCC1, ERCC3, ERCC6 and RPA), the key members of MMR (MSH2 and MSH6) and a crucial player in homologous recombination, RAD51. The RNA samples used for the cDNA microarray analysis were amplified by using the primers designed for each gene (Table 1) , as described in Materials and methods. As a control, the housekeeping gene GAPDH was used for the RT-PCR reaction and for integrity of the RNA preparation. As shown in Figure 2 , the expression levels of all tested genes are in agreement with the hybridization pattern observed in the cDNA array. However, in the case of ERCC6, a higher induction level was detected by cDNA microarray hybridization than RT-PCR. The level of GAPDH was not influenced by the presence dsDNA.
To verify whether the increased level of transcription in response to dsDNA resulted in elevated level of translated products, Western blot analysis was performed by using antibodies specific for the phosphorylated ATM, ATR and phosphorylated g-H2AX proteins, respectively, in CHO-K1 cells. In addition, g-irradiation was used for comparison. For the detection of a specific protein, nuclear proteins were isolated at 1, 6 and 12 h after g-irradiation and 6 and 12 h after transfection with dsDNA to mimic the conditions used in the array experiments. First, we tested whether the exogenous dsDNA can induce the ATM phosphorylation, which is well known to be activated by double strand breaks (DSB). As seen in Figure 3 , the extent of phosphorylation Table 3 . a The fold induction represents the ratio of the intensity of each gene hybridized with the RNA isolated from the cells transfected with dsDNA normalized to the intensity of the corresponding gene from the control transfection (liposomes only). Each array was processed in an identical manner and the number represents an average of triplicate experiments. Standard deviations are within 20%. Each gene is demarcated by the position of gene in the array, the Genebank accession number, the description of gene and the common name. Genes are grouped by their distinct functional categories. protein level was also affected by the presence of dsDNA. Consistent with the transcription data, the level of ATR protein was increased at both time points, 6 and 12 h. Interestingly, the g-irradiation induced ATR protein to the similar extent as that of dsDNA, only at 12 h after irradiation, but not at earlier time points. Next, the phosphorylation of g-H2AX, a downstream target of ATM and ATR, was investigated. As expected, dsDNA increased the phosphorylation of g-H2AX at both time points and the kinetics of g-H2AX phosphorylation was similar to the induction of ATR. Taken together, these data suggest that ATR is the primary sensor for the presence of exogenous dsDNA in mammalian cells.
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Correlation between the levels of induced cellular response and chromosomal gene repair Tables 2 and 3 ). At the same time, HEK293 cells did not respond to the presence of dsDNA and also did not show any detectable gene correction. Thus, it appears that the correction rates correlate to the induced responses, but not to the basal level expression. To further investigate whether chromosomal gene correction can be affected by introduction of dsDNA, we utilized a stable CHO-K1 cell line containing a single copy of integrated mutant LacZ gene. 9, 10 Similar to our previously published data, X1-ODN-treated cells exhibited a consistent frequency of gene correction of B0.2%. 9, 10 When the cells were transfected by X1-ODN together with a nonspecific plasmid, pUC18 or pCX-EGFP, a consistent five-fold increase in the chromosomal targeting frequency was observed (Table 4) . To exclude the possibility that the presence of heterologous DNA simply retards ODN degradation and as a result increases ODN nuclear uptake, we performed a series of experiments where cells were simultaneously transfected with X1-ODN and a heterologous ODN (Puro-1) or a heterologous short duplex (Puro-1/Puro-2). In both cases, unrelated oligonucleotides failed to increase correction rates (Table 4 ). These data indicate that chromosomal gene correction can be increased in the presence of nonhomologous dsDNA, but not ODN or short duplex, probably due to the overall increase in repair activities participating in oligonucleotidemediated gene correction.
Discussion
The ODN-directed gene alteration approach was developed with the ultimate goal of targeting any gene of [1] [2] [3] [4] [5] In the current working model, the initial strand pairing of ODN to the targeted sequence and subsequent processing of the transient D-loop structure by DNA repair machinery are proposed as major steps leading to final gene alteration. 8 Recently, studies utilizing cells that have specific defects in proteins participating in recombination or repair were undertaken to determine the key players in this process. [1] [2] [3] [4] [5] However, the complexity in structural homologues and redundancy in enzymatic activities present a major challenge for such approach. Indeed, many conflicting results were reported regarding involvement of MMR and Rad52 epistasis group genes in the knockout and/or overexpressing systems. 3 As these approaches may result in perturbation of the multiprotein complex formation involved in the gene repair process, we took an alternative approach to explore the nature of interaction between cellular proteins and introduced exogenous DNA by combining a gene expression profiling method together with a functional assay. In the present study, we attempted to identify critical players by comparing transcription profiles of cells with different ability to sustain ODN-mediated gene repair, without perturbing cells by overexpression or deletion of specific genes.
During this study, we found that introduction of dsDNA into mammalian cells activated transcription of many genes involved in DNA damage signaling and DNA repair. It has been shown that introduced plasmid DNA in mammalian cells is subjected to degradation and random ligation, which result in large deletions and insertions of transfected DNA at early stages of transfection. 11, 12 Our array data indicate that the presence and/or perturbation of long dsDNA, but not ODN or short duplex DNAs, induces genes responsible for sensing DNA damage, including ATR-dependent signaling, NER and MMR. It has been shown that ATR appears to be the primary sensor of DNA replication blockage resulting from lesions by DNA adducts, UV and DNA synthesis inhibitors. 13, 14 The presence of dsDNA induced high levels of ATR and several genes participating in ATR-dependent signaling, Hus 1 and Rad1, as early as 6 h after transfection in CHO-K1 cells (Table 3) . Although dsDNA caused some increase in MRE11 expression in CHO-K1 cells, the induction of ATM-dependent signaling, 13 the primary response to a DSB upon ionizing radiation, was not as strong as the ATR-dependent pathway. Our immunodetection analysis confirmed that the primary response to exogenous dsDNA was mediated by activation of ATR but not ATM pathway. In addition, expression of other genes sensing various DNA lesions, including bulky DNA adducts (XPA, XPC), mismatches and insertion/deletion (MSH2, MSH3), was also dramatically upregulated. Other DNA damage signal-transducing genes, TRP53, TRP53BP1 and BRCA1, and effector genes, CDC20, CDC25, GADD45 and CDKN1A, were also upregulated (see Table 3 ). However, dsDNA did not enhance expression of many genes involved in the nonhomologous end-joining pathway, including XRCC4, Ku80 and LIG4, except DNA-PK.
Overall, mammalian cells triggered a global DNA damage response to the presence of intact and/or degraded dsDNA.
Interestingly, the extent of induction was highly dependent on the cell type. It is not apparent at this point why HEK293 and melanoma cells did not respond to the presence of dsDNA, while CHO-K1 and NIH3T3 did. These data may suggest that exogenous DNA failed to induce cellular response, perhaps due to the excessive chromosomal abnormalities in these cells, which may mimic perturbations presented by exogenous DNA. It is also plausible that these tumorigenic cells lack rigorous cell cycle checkpoints, which are usually mediated by ATM/ATR signaling pathway and, as a consequence, may not elicit additional response to exogenous dsDNA. [13] [14] [15] However, the story is far more complicated since CHO-K1 cells, which are considered to be tumorigenic, showed incomparably higher cellular response to dsDNA than HEK293 and melanoma cells. 16, 17 It is possible that a high level of response to exogenous dsDNA in CHO-K1 cells could be due to species difference since rodent cells are known to express lower levels of many repair factors in the baseline state than human cell lines.
Another interesting finding is that the extent of induction of DNA damage, signaling and DNA repair activities correlated to episomal gene correction frequencies. However, not all induced activities affected gene correction. It is also possible that induction of some genes, such as p53 and cell cycle checkpoint genes, may in fact inhibit correction rates. For example, we have shown that a knockout of p53 activity increased correction rates. 8 Chromosomal gene correction was also increased in the presence of nonspecific dsDNA. However, this increase was not as dramatic as in the case where DSB was introduced nearby the targeted sequence, [18] [19] [20] indicating that elevated repair activities may need to be localized to the site where gene targeting was intended. These results also explain, in part, why the level of episomal gene correction is much higher than the chromosome. In addition to the copy number and structure of the target sequence, differential cellular responses to dsDNA also contribute to these differences.
This study reports a new finding that the presence of long dsDNA, but not ODN or short duplex DNAs, in mammalian cells triggered unique cellular responses, which are highly dependent on cell types. These findings will have important implications to properly interpret the widely used transfection studies for analysis of gene function and to explain the cause of large variations in ODN-directed gene alteration among different cell types. Our data suggest that efficient episomal gene targeting occurs presumably due to the induction of key components of intracellular DNA repair proteins that support ODN-mediated gene alteration, in response to exogenous DNA. Furthermore, chromosomal gene correction is also increased in the presence of unrelated dsDNA, presumably due to the overall increase in DNA repair activities. Mechanistic studies are in progress to identify which specific DNA repair activity has a functional significance in ODN-mediated gene repair (manuscript in preparation). Undoubtedly, identification of critical pathways involved in the gene correction process will play an important role for designing rational approaches toward increasing the targeting efficiency. 
Materials and methods
Plasmids and oligonucleotides
Construction of pCH110-G1651A and pcDNA3.1-mutLacZ was described previously. [8] [9] [10] Both vectors contain the LacZ gene with an inactivating point mutation (G to A), which results in an amino-acid substitution of E526K that completely inactivates the bgalactosidase enzymatic activity. The promoterless plasmid, pcDNA3.1-mutLacZ cmvÀ , was constructed by deleting the entire CMV promoter region from pcDNA3.1-mutLacZ. Control plasmids, pUC18 and pCX-EGFP, were purchased from Clontech (Palo Alto, CA, USA). All plasmid DNAs were prepared using a large-scale isolation protocol (Qiagen, Santa Clara, CA, USA). The ODNs were synthesized by the standard phosphoramidite procedure using 1 mmol scale followed by HPLC purification at Nucleic Acid Core Facility (University of Pennsylvania, PA, USA). Fluorescent ODN was synthesized by incorporating fluorescein phosphoramidite (Glen Research, Sterling, VA, USA) at the 5 0 -end, as described previously. 9 For the preparation of short duplex, equimolar amounts of the two self-complementary ODNs were mixed, heated at 951C and slowly cooled to room temperature. Sequences of used ODNs are presented in Table 1 .
Cells and tissue culture conditions
F12K, DMEM and fetal bovine serum (FBS) were purchased from Cellgro (Herndon, VA, USA) and Biowhittaker (Wakersville, MD, USA). All media were supplemented with 2 mM L-glutamine. CHO-K1 cells (ATCC, Rockville, MD, USA) were maintained in a F12K medium containing 10% heat-inactivated FBS. NIH3T3 and HEK293 cell cultures were grown in a DMEM medium containing 10% heat-inactivated FBS. Primary radial growth phase melanoma cell line WM35 (p64), vertical growth phase metastatic melanoma cell lines WM164 (p75) and WM793 (p75), and highly aggressive metastatic melanoma cell line Lu1205 (p73) were kindly provided by Dr M Herlyn (Wistar Institute, Philadelphia, PA, USA) and maintained as described (www.wistar. upenn.edu/herlyn).
Transfection and detection of gene correction
For cDNA array experiments, all cell lines except melanoma cultures were seeded into six-well plates. Usually, 50-60% confluent cultures were used for transfection. ODN (4.8 mg), short duplex consisting of two self-complementary ODNs (X1/X2, 4.8 mg each strand) or plasmid DNA (2.0 mg) were preincubated with FuGENE 6 (Roche Applied Science, Indianapolis, IN, USA) at a ratio of 3:2 (w/w) in a 100 ml OptiMEM for 20 min at room temperature. The DNA/lipid complex was added directly to cells containing 2 ml of complete growth medium. When Lipofectamine (Gibco, Bethesda, MD, USA) was used, oligonucleotide (4.8 mg) or plasmid DNA (2.0 mg) were preincubated with transfection reagent at a ratio of 1:1 (w/w) in 200 ml OptiMEM for 45 min at room temperature. The DNA/transfection reagent complex was added to cells in a final volume of 1.0 ml, made up with OptiMEM. As a control, the cells were treated with transfection reagent alone without the addition of DNA. Melanoma cell lines were transfected with the same amount of pCX-EGFP plasmid and ODN using Amaxa nucleofection (Amaxa Inc., Gaithersberg, MD, USA). In all cases, total RNA was isolated six or 12 h after transfection using Qiagen kit (Santa Clara, CA, USA). Two wells were combined for each experiment.
For episomal targeting, 0.5 Â 10 5 cells were seeded into six-well plates 16-18 h prior to transfection and cotransfected with oligonucleotide (4.8 mg) and plasmid DNA (2.0 mg) using FuGENE 6. The molar ratio of ODN to plasmid DNA was 630. For chromosomal targeting, a stable CHO-K1 cell line that contained a single copy of integrated mutant LacZ gene 7, 8 was transfected with 7.5 mg X1-ODN. In both cases, cells were analyzed for the presence of active b-galactosidase by histochemical staining using X-gal solution 48 h after transfection, as described previously. 9 cDNA microarrays GEArray Q Series Mouse (MM-029) and Human (HS-029) DNA Damage Signaling Pathways Gene Arrays were purchased from SuperArray (Frederick, MD, USA). Each array contains up to 92 cDNA gene-specific fragments printed on a 3.8 Â 4.8 cm nylon membrane with an advanced noncontact printing technology with a tetra-spot format, which provides a signal in an easily identifiable pattern. All steps including prehybridization and hybridization were performed according to the manufacturer's protocol (SuperArray, Frederick, MD, USA).
Total RNA isolation and cDNA probe synthesis Total RNA was extracted using the Qiagen RNAeasy extraction kit (Valencia, CA, USA) according to the manufacturer's protocol. For cDNA probe synthesis, 5 mg of total RNA was reverse transcribed and labeled with [a-32 P]dCTP by using Super Array AmpoLabeling-LPR kit (Frederick, MD, USA). The probe was heat denatured at 941C for 2 min, quenched on ice, and applied to the prehybridized array membrane in 0.75 ml of GEAhyb buffer (Super Array, Frederick, MD, USA) containing heat-denatured sheared salmon sperm DNA. Hybridization was carried out for 16-18 h at 601C with continuous agitation at 5-10 r.p.m. After hybridization, membranes were washed twice at 601C at low stringency (2 Â SSC and 1% SDS) and twice at high stringency (0.1 Â SSC and 0.5% SDS). Membranes were blotted with a piece of filter paper to remove excess washing solution and exposed to X-ray film (Kodak, Rochester, NY, USA). Exposure time was adjusted so that the extent of hybridization was in a linear range. To make a meaningful comparison between samples, each membrane was processed in an identical manner.
Data analysis
Acquisition of cDNA hybridization signals was performed by scanning autoradiographs and conversion images into TIFF format files with a 600 dpi resolution. Before data extraction, negative images were inverted (the background is black, the signal is white) using the Photoshop 6.0 software. The intensity (I) and area (A) of each spot was quantitatively determined by using the ScanAlyze software developed by M Eisen at Lawrence Berkeley National Laboratory (http://www.microarrays. org/software.htlm). The ScanAlyze program provides an interactive graphical environment that simplifies and semiautomates the spotting and gridding process. After the conversion of raw data files in Microsoft Excel 6.0 Cellular responses to exogenous DNA in mammalian cells O Igoucheva et al software format, the converted data files were analyzed by using GEArrayAnalyzer Version 1.0 software (http:// www.superarray.com/), which reads the data files and matched them to the corresponding gene on the array. The net expression of each gene was calculated by the mean intensity of dot minus the mean of the negative (background) intensity. Then, the expression level of each gene in the cells transfected with dsDNA, ODN or dsDNA+ODN was designated as I TR /A TR for each case. The expression level of each gene in the control cells was designated as I c /A c . To introduce a normalization step, the average ratio of expression levels of two constitutive genes (GAPDH and b-actin) was determined and introduced as a correction factor (CF). Results were then expressed as an induction ratio (IR): IR ¼ CF Â (I TR /A TR )/ (I c /A c ). After the normalization, a three-fold difference in expression was considered as significant.
RT-PCR analysis
RT-PCR was used to confirm the hybridization pattern seen in the cDNA microarray. Reaction was carried out by using one-step RT-PCR kit (ABgene Inc., Rochester, NY, USA) according to the manufacturer's protocol. For each reaction, a 100 ng of the same RNA used for the cDNA array was mixed together with 0.4 mM each of primers in a final volume of 50 ml. All primers were purchased from Operon (Alameda, CA, USA) and their sequences are presented in Table 1 . RT was performed at 471C for 30 min, while cDNA amplification was performed with denaturation at 941C for 5 min and then 25 cycles of 941C for 30 s in denaturation, 601C for 30 s in annealing and 721C for 1 min in extension, together with the final extension at 721C for 7 min. The amplified fragments were separated in a 10% acrylamide gel by electrophoresis and visualized by ethidium bromide staining. GelBase analysis software was used for quantitation of each PCR product.
Western blot analysis
Nuclear proteins were isolated using NE-PER Nuclear and Cytoplasmic Extraction kit (Pierce, Rockford, IL, USA). Proteins were separated by a 4-12% gradient SDS-PAGE and transferred to PVDF membrane followed by the Western blot analysis using polyclonal anti-ATR antibodies (Oncogene Research Products, Boston, MA), polyclonal anti-ATM (phospho-Ser-1981) antibodies (Abcam Inc., Cambridge, MA, USA) and polyclonal anti-g-H2AX (phospho-Ser-139) antibodies (Bethyl Laboratories Inc., Montgomery, TX, USA). Immunocomplexes were detected by using HRP-labeled anti-rabbit secondary antibodies (Promega, Madison, WI, USA) and visualized by using SuperSignal WestFemto substrates (Pierce, Rockford, IL, USA).
